Escherichia coli has five genes encoding L,D-transpeptidases (Ldt) with varied functions. Three of these enzymes (YbiS, ErfK, YcfS) have been shown to cross-link Braun's lipoprotein to the peptidoglycan (PG), while the other two (YnhG, YcbB) form direct meso-diaminopimelate (DAP-DAP, or 3-3) cross-links within the PG. In addition, Ldt enzymes can also incorporate noncanonical D-amino acids, such as D-methionine, into the PG. To further investigate the role of these enzymes and, in particular, 3-3 linkages in cell envelope physiology we constructed and phenotypically characterized a variety of multiple Ldt deletion mutants of E. coli. We report that a triple deletion mutant lacking ybiS, erfK and ycfS is hypersusceptible to the metal-chelating agent EDTA, leaks periplasmic proteins and is resistant to the toxic effect of D-methionine. A double ynhG ycbB mutant had no discernible phenotype; however, examination of the phenotypes of various Ldt mutants bearing an additional DAP auxotrophic mutation (dapA : : Cm) showed that a quintuple mutant strain lacking all Ldt genes was severely impaired for growth on media with limited DAP. These data demonstrate that loss of the E. coli Ldt enzymes involved with coupling the PG to Braun's lipoprotein resulted in the loss of outer membrane stability while loss of the Ldt enzymes involved with DAP-DAP linkages had no observable effect on the cell envelope. Loss of all Ldt enzymes proved detrimental to growth when cells were starved for DAP, indicating a combined role for both 3-3 and Braun's lipoprotein cross-links in cell viability only under a specific PG stress.
INTRODUCTION
Peptidoglycan (PG) is a highly adaptable and tightly regulated component of bacterial cell envelopes that serves as a structural exoskeleton to the cell. Composed of a meshlike network of linear glycan chains interconnected by peptide cross-bridges, PG withstands the turgor pressure of the cytoplasm Weidel & Pelzer, 1964) , thus maintaining cell shape, and has important roles in cell growth and division (Typas et al., 2012) . The essential nature of the PG makes its synthesis a major target for antibiotics such as the widely used b-lactams and glycopeptide antibiotics, both of which inhibit transpeptidation of PG peptides (Barna & Williams, 1984; Goffin & Ghuysen, 2002) .
The glycan strands of PG generally consist of alternating Nacetylmuramic acid (MurNAc) and N-acetylglucosamine (GlcNAc) residues linked by a b-1,4 glycosidic bond, with peptide subunits linked to the MurNAc moiety (Glauner & Höltje, 1990) . The composition of the peptide subunits varies depending on the organism; however, the most commonly encountered peptide stem in Gram-negative organisms consists of L-alanyl-D-glutamyl-meso-diaminopimelyl-D-alanyl-D-alanine, which is found in the PG of Escherichia coli (Glauner & Höltje, 1990; Schleifer & Kandler, 1972) .
In E. coli approximately 20-30 % of the stem peptide is cross-linked depending on growth conditions and phase (Glauner et al., 1988) . There are two distinct types of crosslinks, which are formed by two types of enzymic reactions. The majority of cross-links, formed by the D,D-transpeptidase activity of penicillin-binding proteins (PBPs), are of the 4-3 type and occur between the D-alanine residue at the fourth position of the peptide stem and a meso-diaminopimelic acid (DAP) at the third position of a neighbouring peptide stem. PBPs cleave the terminal D-alanine from the pentapeptide chain and attach the remaining D-alanine residue to the side chain of an adjacently located meso-DAP. PBPs are so termed because they are the target enzymes of penicillin-type b-lactam antibiotics that mimic the terminal D-alanyl-D-alanine moieties of the pentapeptide. Conversely, approximately 2-5 % of the peptide crosslinks in E. coli are of the 3-3 type which occurs between two meso-DAP residues on adjacent peptide stems (Pisabarro et al., 1985; Glauner et al., 1988) . These cross-links are formed by the concerted action of D,D-carboxypeptidases and L,D-transpeptidases (Ldt) in which the former recognizes the D-stereocentres of the terminal D-alanines of a pentapeptide chain and cleaves the last alanine creating a tetrapeptide. This tetrapeptide stem is the substrate of an Ldt which cleaves the bond between the L centre of the meso-DAP and the Dalanine and subsequently attaches the meso-DAP to a neighbouring meso-DAP of another peptide chain (Magnet et al., 2007a; Mainardi et al., 2000 Mainardi et al., , 2002 . Because Ldts recognize the L and D centres, they are insensitive to penicillin-type b-lactam antibiotics. The presence of 3-3 cross-links was first discovered in the PG of mycobacteria and has since been found to be widespread in bacterial PG Wietzerbin et al., 1974) . The reasons why bacteria produce both 4-3 and 3-3 linkages are unknown, but it has been proposed that the 3-3 linkages act as an inherent mechanism of resistance to b-lactam antibiotics and might reinforce the wall during times of stress and nonreplicating conditions (Goffin & Ghuysen, 2002) .
The first enzyme found to possess Ldt activity, Ldt fm, was isolated from an ampicillin-resistant strain of Enterococcus faecium that exclusively made a 3-3 cross-linked PG in the presence of antibiotic. Orthologues have since been found in both Gram-positive and Gram-negative organisms such as Bacillus subtilis, Clostridium difficile, E. coli, Mycobacterium spp., and Vibrio cholerae (Bielnicki et al., 2006; Lavollay et al., 2011; Magnet et al., 2008; Peltier et al., 2011) . These Ldts belong to the YkuD superfamily (alternatively the ErfK/ YcfS/YnhG family), based on a highly conserved set of amino acids that constitute the catalytic domain, characterized by an active site cysteine residue, which differs from classical PBPs, which generally rely on a serine residue for catalysis. In addition to catalysing the formation of 3-3 cross-linkages in the PG, these enzymes have also been shown to form PG-lipoprotein cross-links in E. coli. Although the Ldts are insensitive to penicillin-type b-lactam antibiotics, they are susceptible to carbapenem-type antibiotics, such as imipenem, which act by acylation of the catalytic cysteine residue (Mainardi et al., 2007) .
E. coli has five Ldt homologues: ErfK, YbiS, YcfS, YnhG and YcbB. PG analysis of Ldt mutant strains of E. coli identified that three of these enzymes (ErfK, YbiS, YcfS) function by covalently attaching Braun's lipoprotein to the PG (Magnet et al., 2007b . This type of cross-link requires L,Dtranspeptidation because the lipoprotein is attached through the e-amino group of a lysine residue in the C terminus of the protein to the a-carbon of meso-DAP at the third position in the peptide stem (Braun & Sieglin, 1970; Braun & Wolff, 1970; Magnet et al., 2007b) . These findings suggest a role for these Ldt enzymes in cell envelope stability, as Braun's lipoprotein has previously been shown to be an important factor in the stabilization of the outer membrane (Cowles et al., 2011) . The remaining two Ldt enzymes (YnhG, YcbB) have been shown to form 3-3 crosslinks in E. coli, since a mutant lacking all five Ldt genes lacks these cross-links . Although knowledge of the biochemical properties of the Ldt enzymes has dramatically increased since their discovery, our understanding of the biological significance of these enzymes remains unclear, particularly the importance of 3-3 linkages. In this study we used a genetic approach to study the contribution of Ldts in E. coli cell envelope physiology. We report that loss of the E. coli Ldt enzymes involved with coupling the PG to Braun's lipoprotein results in multiple phenotypes, while loss of the Ldt enzymes responsible for DAP-DAP linkages has no discernible effect on cell envelope physiology. However, a cell growth defect was observed for a mutant lacking all five Ldt genes and bearing a DAP auxotrophic mutation.
METHODS
Bacterial strains, plasmids and growth conditions. Bacterial strains used in this study are listed in Table 1 . E. coli strain BW25113 was the parental strain, and all mutants discussed in this paper were constructed in this background (Baba et al., 2006; Datsenko & Wanner, 2000; Hoang et al., 1998) . E. coli strains were grown at 37 uC in Luria-Bertani (LB) broth (Difco, BD Bioscience), LB agar, or M9 (Difco, BD Bioscience) minimal medium where indicated. When required, LB or M9 minimal medium was supplemented with meso-DAP at a concentration of 200 mg ml 21 and antibiotics were used at the following concentrations: chloramphenicol, 25 mg ml 21 , and kanamycin, 50 mg ml 21 . All antibiotics and additives were obtained from Sigma-Aldrich.
Construction of multiple Ldt mutants. All multiple mutants were constructed by P1vir bacteriophage transduction as previously described (Moore, 2011) . Antibiotic cassettes were removed sequentially using the Flp recombinase (pFLP2), and mutations confirmed by PCR (Hoang et al., 1998) . The DAP auxotroph PM2680 (BW25113 dapA : : Cm) and all other DAP auxotrophs were constructed by P1vir transduction with a lysate prepared from an E. coli dapA : : Cm strain originally obtained from C. Richaud (Institut Pasteur, Paris, France).
EDTA survival assay. Bacterial cultures in stationary phase of growth were harvested by centrifugation and washed twice with 50 mM Tris/HCl pH 8.0. Cells were resuspended in 50 mM Tris/HCl pH 8.0 to a final optical density of 0.9 (600 nm). EDTA was added to cell suspensions at a final concentration of 1 mM and cultures were incubated at 37 uC for 4.5 h without shaking. Control suspensions received only buffer. Samples were taken at 90 min intervals and plated on LB agar for viable cell counts.
Precipitation of proteins from culture supernatants. Bacterial strains were grown in M9 minimal medium supplemented with either 0.2 % glucose or 0.2 % maltose to stationary phase (OD 600 1.0) and cells were harvested by centrifugation. Supernatants were collected and passed through a 0.45 mm filter to remove contaminating cells. Ice-cold trichloroacetic acid was added to the culture supernatants to a final concentration of 6 % (v/v), which were incubated for 1 h at 4 uC. The precipitated proteins were collected by centrifugation, washed twice with acetone and resuspended in SDS-PAGE sample buffer.
Immunoblotting. Detection of maltose-binding protein (MBP) and aminoglycoside phosphotransferase (NPT) in cell culture supernatants and lysates was performed by Western blotting. Briefly, equivalent volumes of cell culture supernatants and cell lysates were separated on 10-12 % Bistris SDS-PAGE denaturing gels (Invitrogen). Proteins were electrotransferred to a polyvinylidene difluoride (PVDF) membrane and probed with either mouse IgG anti-MBP (Invitrogen) or rabbit IgG anti-NPT (Invitrogen). The membranes were then incubated with either rabbit anti-mouse IgG coupled to alkaline phosphatase or goat anti-rabbit IgG conjugated to horseradish peroxidase and the presence of MBP or NPT was detected by chemiluminescence using either the WesternBreeze or Novex ECL systems, respectively, (GE Healthcare) according to the manufacturer's recommendations.
DAP survival assay. Bacterial strains were grown to stationary phase in LB broth supplemented with 200 mg DAP ml 21 and subsequently harvested by centrifugation. Cultures were washed twice with PBS and resuspended to a final optical density of 0.9 (600 nm) in LB broth. Cultures were then plated for viable cell counts on LB agar supplemented with 0, 25 or 200 mg DAP ml
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. D-Methionine sensitivity assay. E. coli strains were grown to stationary phase (OD 600 0.9) in LB liquid medium. Cultures were plated for viable cell counts on LB medium or LB supplemented with D-methionine to a final concentration of 25 mM (MP Biochemicals). Colony forming units (c.f.u.) were recorded after 24 h of incubation at 37 uC.
RESULTS
The five Ldt genes in E. coli, ybiS, erfK, ycfS, ynhG and ycbB, produce secreted periplasmic proteins with the signature catalytic domain as shown in Fig. 1 (Magnet et al., 2007b . YcfS and YnhG both contain the non-covalent PG-binding module lysin motif domain (LysM), found in many cell wall hydrolases and secreted proteins in prokaryotes and eukaryotes (Buist et al., 2008) . Clustal W alignments of the protein sequences show that YbiS, YcfS, ErfK and YnhG are all of similar size (~300 amino acids) and share 42-62 % sequence similarity. However, YcbB is twice the size of the other four proteins (610 amino acids) and shares only 11-17 % sequence similarity with them ( Fig. 1 ). In addition, YcbB has a divergent active site sequence located near the C terminus.
The enzymes can be grouped into two distinct functional categories based on the PG analysis of mutant strains. YbiS, YcfS and EfrK catalyse the linkage of Braun's lipoprotein to the PG, and YnhG and YcbB form direct 3-3 cross-links in the PG . To investigate the greater physiological role of the Ldt enzymes, mutant strains were constructed that were deleted for the three Braun's lipoprotein cross-linking enzymes (Dldt3), the two 3-3 cross-linking enzymes (Dldt2), or all five Ldt enzymes (Dldt5). Growth rates of the mutants were comparable in 
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. . E. coli L,D-transpeptidase mutants rich and minimal media (data not shown). The mutant strains were tested under a variety of conditions that have been shown to affect the cell envelope (Schleifer & Kandler, 1972) . EDTA has been shown to destabilize the outer membrane of Gram-negative organisms by chelation of magnesium ions that shield the negative charge of the LPS molecules in the outer membrane (Vaara, 1992 ). Braun's lipoprotein is essential to the stability of the outer membrane in the presence of EDTA (Hirota et al., 1977) . Therefore, we assayed the survival of E. coli Ldt mutant strains in the presence of 1 mM EDTA. While the parental strain showed no loss of viability during EDTA exposure, the triple mutant and a control Braun's lipoprotein null mutant displayed a 3.0-and 4.0-log 10 reduction in survival, respectively, after a 4 h incubation (Fig. 2a) . EDTA had a more severe effect on the Dlpp strain, showing a 1.0-log 10 decrease in survival over the Dldt3 strain (P50.06). The Dldt3 strain was the only Ldt mutant to display EDTA sensitivity as neither single nor double Braun's lipoprotein cross-linking mutants were affected (data not shown). In contrast to the Dlpp and Dldt3 mutants, the Dldt2 strain was not affected by the presence of EDTA. Simultaneous addition of 8 mM MgSO 4 to the EDTA-treated cultures was able to abrogate the effects of EDTA on the triple mutant, showing that the process is specific to chelation of Mg 2+ (Fig. 2b) . To confirm that the EDTA sensitivity was due to the loss of Braun's lipoprotein cross-linking enzymes, the Dldt3 strain was complemented in trans by each Ldt enzyme. Overexpression of either ybiS, ycfS or erfK in the triple mutant strain restored survival in the presence of EDTA (Fig. 2c and data not shown) .
The Dldt3 strain leaks periplasmic proteins
The EDTA sensitivity of the Dldt3 strain suggests a defect in outer membrane stability. Phenotypic analysis of a Braun's lipoprotein mutant has shown that the strain leaks the periplasmic protein RNaseI (Yem & Wu, 1978) . To determine if the Ldt mutant strains also release proteins into the extracellular milieu, we analysed filtrates of culture supernatants for the presence of the periplasmic MBP by Western blotting. MBP is the product of the gene malE whose expression is upregulated by the presence of maltose (Boos & Shuman, 1998) . MBP was detected in the culture supernatants of the Dldt3 and Dlpp strains grown in the presence of 0.2 % maltose; however, it was not detected in the parental or Dldt2 strain, nor was it detected (or it was much reduced) in strains grown with 0.2 % glucose (Fig.  3a) . To show that this effect is specific to the outer membrane and that the integrity of the cytoplasmic membrane remains uncompromised in these strains, culture supernatants were probed for NPT. NPT is encoded by the kanamycin antibiotic resistance cassette present as a marker of all of the mutant strains. NPT was detected in the cell lysates of Dldt3 and Dlpp as expected, but it was not detected in the culture supernatants (Fig. 3b) .
The Dldt3 mutant is resistant to D-methionine Another function for Ldts has emerged with the discovery that non-canonical D-amino acids (NCDAAs), are produced, secreted, and incorporated into the cell wall by many bacterial species (Horcajo et al., 2012) . NCDAAs have been found at the fourth and fifth position of the peptide stem in PG and have an inhibitory effect on bacterial growth, presumably by preventing transpeptidation of stem peptides during PG synthesis (Cava et al., 2011; Grula, 1960) . Ldts, L,D-carboxypeptidases, and D,Dtranspeptidases have all been found to perform D-amino acid exchange reactions in vitro with PG substrates (Horcajo et al., 2012) . However, Ldts have been shown to perform the D-amino acid exchange reaction in vivo as a V. cholerae strain lacking both of its Ldts (LdtA and LdtB) was unable to incorporate exogenously added NCDAAs into the fourth position of the stem peptide (Cava et al., 2011) . Presumably, loss of Ldt activity, and therefore loss of NCDAA incorporation into the PG, may abrogate the inhibitory effects of elevated D-amino acid concentration on bacterial growth. In our analysis, growth of the wildtype, Dldt2 and Dldt5 strains was inhibited by 25 mM Dmethionine (Fig. 4) . However, no growth defect was detected in the Dldt3 strain (Fig. 4) .
The Dldt2 strain does not display cell envelope associated phenotypes
Many researchers have noted an increase in 3-3 cross-links in the PG of bacteria under certain growth conditions. Recent studies have shown that an elevated amount of 3-3 cross-links in the PG causes resistance to penicillin-type antibiotics in Ent. faecium, which is consistent with the idea that Ldts are mechanistically resistant to the activity of penicillins (Mainardi et al., 2005) . Also, an increase in 3-3 cross-links has been demonstrated in E. coli under certain stress conditions: nutrient limitation, nitrogen limitation and elevated temperatures (Burman & Park, 1983; Glauner & Höltje, 1990; Pisabarro et al., 1985) . In addition, studies have shown that 3-3 cross-links increase in number during stationary phase of many organisms (Lavollay et al., 2008; Quintela et al., 1997; Vollmer & Bertsche, 2008) . However, the significance of these increases in E. coli physiology remains unclear. Thus, the Dldt2 strain was characterized under various conditions such as temperature and osmotic stress, stationary phase survival, nutrient deprivation, lysozyme, as well as antibiotic (ampicillin, imipenem, vancomycin, rifampicin) and chemical challenge (EDTA, SDS, bile salts, copper sulfate). The Dldt2 strain did not display any distinguishable differences from the wild-type (Fig. 2a, and data not shown) .
The Dldt5 strain displays a growth defect when starved for meso-DAP As an additional cell wall stressor, intracellular pools of PG precursors were depleted by introduction of a dapA : : Cm mutation into the ldt strains, rendering them DAP auxotrophs. Since meso-DAP is the third residue in the PG peptides, it is the essential residue involved in all known types of PG linkage in E. coli (4-3, 3-3 and Braun's lipoprotein). The viability of the ldt meso-DAP auxotrophic strains was tested on media containing varying concentrations of meso-DAP. As shown in Fig. 5 , the Dldt5 dapA strain was the only strain that displayed a growth defect on medium containing 25 mg DAP ml
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DISCUSSION
In this study we describe the physiological consequences of the loss of Ldts in E. coli. While many studies have characterized the specific biochemical properties of the Ldts in E. coli as well as various other species, the significance of the linkages catalysed by the Ldts has been underappreciated. We showed that the enzymes involved with linking Braun's lipoprotein function in a redundant manner because mutant phenotypes of outer membrane instability are only evident when all three genes are deleted. Loss of the enzymes responsible for DAP-DAP linkages had no discernible effect on the cell envelope, unless DAP pools were reduced in the cells lacking all five ldt genes. Interestingly the 3-3 cross-linking enzyme, YnhG, is more closely related to the three Braun's lipoprotein cross-linking enzymes in protein sequence. However, overexpression of ynhG in a Dldt3 or Dldt4 (DerfKDybiSDycfSDynhG) background was unable to abrogate the phenotypes associated with the loss of Braun's lipoprotein cross-links (data not shown). YcbB is unusual in that it only superficially resembles the other four Ldts in size and sequence. The protein is twice the size of the other Ldts in E. coli, which may indicate that this enzyme has multiple domains that have other functions in the cell. Also, its divergent active site sequence may suggest that this enzyme recognizes additional substrates such as NCDAAs or perhaps peptides that are already cross-linked (Typas et al., 2012) .
Decades ago it was shown that Braun's lipoprotein is covalently linked by the e-amino group of a lysine residue in the C terminus of the protein to the carboxyl of the meso-DAP residue in the pentapeptide chain (Braun, 1975; Braun & Sieglin, 1970) , but it was not until the recent work of Magnet et al. (2007b) that Ldts of the YkuD protein family were found to be responsible for this reaction. We have shown that treatment of the Dldt3 strain with 1 mM EDTA caused rapid cell death that can be abrogated by magnesium supplementation. EDTA has been shown to 
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have severe effects on the outer membrane by the chelation of stabilizing divalent cations from their binding sites in LPS, causing the LPS to be shed (Vaara, 1992) . This increases the permeability of the membrane by the recruitment of phospholipids into the outer leaflet, forming a channel for hydrophobic molecules to readily diffuse through (Vaara, 1992 ).
Braun's lipoprotein has also been shown to play a role in the maintenance of the permeability barrier of the outer membrane as Braun's lipoprotein mutants release periplasmic substances into the extracellular milieu (Hirota et al., 1977; Yem & Wu, 1977) . Our data show that loss of Braun's lipoprotein-PG cross-links also increases the permeability of the outer membrane, as the strain leaked the periplasmic MBP into the culture supernatant. Interestingly, the outer membrane of the Braun's lipoprotein mutant appeared to be more unstable than that of the mutant lacking the ability to couple Braun's lipoprotein to the PG, as comparably more MBP was detected in the cell culture supernatant and lysate. In addition, EDTA had a more profound effect on the Dlpp strain, showing a 4-log 10 decrease in viability compared with the Dldt3 strain, which showed a 3-log 10 reduction. These data can be attributed to the fact that the free form of Braun's lipoprotein is still present in the Dldt3 strain and this form alone is likely able to aid in the stability of the outer membrane. These results are consistent with recent findings that the free and bound forms of Braun's lipoprotein do not readily associate with each other and occupy distinct subcellular locations (Cowles et al., 2011) . Our data support a dual role for Braun's lipoprotein and suggest that the free and bound forms may have separate functions in the cell that ultimately contribute to cell envelope stability (Cowles et al., 2011) .
Covalent attachment of proteins to PG is a process that is found in both Gram-positive and Gram-negative organisms (Dramsi et al., 2008) . In Gram-positive organisms this reaction is carried out by sortases which use the cell wall as a fixture to display surface proteins involved in hostpathogen interaction (Dramsi et al., 2008) . The discovery that Ldts are responsible for the attachment of Braun's lipoprotein to the cell wall by a similar mechanism demonstrates an association between these two classes of enzymes. Indeed there is structural evidence that the Ldt active site residues closely resemble those of sortase enzymes, further linking the enzymic activity of these proteins (Bielnicki et al., 2006) .
We have shown that the Dldt3 strain is resistant to Dmethionine, even though it still has Ldt enzymes (YnhG, YcbB) which are known to be important for the incorporation of non-canonical D-amino acids into PG (Horcajo et al., 2012) . Recent reports suggested that YnhG and YcbB were responsible for .75 % of the D-amino acid incorporation in E. coli and the PG of a strain lacking both genes was unable to be labelled with D-Cys (Cava et al., 2011) . Interestingly, we found that a strain deleted for both ynhG and ycbB showed a similar level of sensitivity to D-methionine to the wild-type strain, suggesting that the toxicity may not be the result of incorporation by the DAP-DAP cross-linking enzymes. Conversely, while the Braun's lipoprotein cross-linking enzymes were previously shown to play a minor role in D-amino acid incorporation (Cava et al., 2011) , we showed that deletion of the genes encoding these enzymes eliminated the toxicity seen with the wild-type strain. These data suggest that the D-amino acid sensitivity is due to the Braun's lipoprotein cross-linking enzymes; however, deleting ynhG and ycbB in the Dldt3 background (Dldt5) restored the toxic effects of D-methionine. Based on these findings we hypothesize that there are compound factors that contribute to D-amino acid sensitivity in E. coli and the D-methionine toxicity in each mutant may be the result of different mechanisms. For example, the Dldt5 mutant may be sensitive because D-methionine is incorporated only into the pentapeptides, which would inhibit standard 4-3 linkage formation. Resistance in the Dldt3 mutant could result from an increase in tetrapeptides from the action of carboxypeptidases, and if the Multiple species that naturally produce NCDAAs are also able to incorporate D-amino acids into the fifth position of the pentapeptide chain by way of PBPs. When supplemented with 10 mM D-methionine in the growth medium, E. coli has not been shown to put NCDAA at the fifth position of the pentapeptide (Cava et al., 2011) . In our studies, however, we found that D-methionine toxicity is only apparent in E. coli at a concentration .25 mM (MIC 50 mM); therefore at increased concentrations E. coli may be able to perform this exchange, suggesting that PBPs may also contribute to the sensitivity to D-methionine in wildtype as well as in strains lacking Ldts. Likewise, increased concentrations of D-methionine in the growth medium as well as in the PG itself may also affect recycling of PG material, specifically cytoplasmic PG precursors. In support of this, Ddl ligases in V. cholerae as well as other organisms have been shown to play a role in the cytoplasmic steps of NCDAA incorporation into PG (Cava et al., 2011) . These data, together with our findings with D-methionine toxicity of the Ldt mutant strains, suggest a complex regulatory programme for NCDAA incorporation into PG that will require further investigation. Direct 3-3 cross-links have been proposed to increase the rigidity of the cell wall and have been implicated in mediating adaptation to certain stress conditions as well as survival during periods of non-replication (Goffin & Ghuysen, 2002 ). An increase in 3-3 cross-links leads to resistance to penicillin-type antibiotics in Ent. faecium, and 3-3 cross-links have been shown to increase during temperature and osmotic stress and nutrient limitation in E. coli (Glauner et al., 1988; Mainardi et al., 2000) . Various studies have also shown that that an increase of 3-3 crosslinks occurs during stationary phase of many organisms, upon entry into the viable but non-culturable state of growth in E. coli, and during an in vitro model of persistence of Salmonella (Burman & Park, 1983; Lavollay et al., 2008; Quintela et al., 1997; Signoretto et al., 2002) . A Mycobacterium tuberculosis strain with a single ldt gene inactivation, ldt mt2 , showed altered colony morphology, was hypersusceptible to ampicillin, and attenuated in mice (Gupta et al., 2010) . It was surprising that the Dldt2 E. coli strain lacking 3-3 cross-links remained phenotypically unchanged under the various conditions that we tested. This could be explained by the observation that E. coli produces a relatively thin layer of PG where only approximately 20-30 % of the peptide stems are crosslinked at a given time (Glauner et al., 1988) . Comparatively, organisms such as M. tuberculosis or Staphylococcus aureus that have more complex cell walls cross-link up to 80-90 % of the peptides, respectively . Of the cross-bridges in E. coli, 3-3 linkages constitute approximately 2-5 % with the majority being of the 4-3 type (Vollmer & Bertsche, 2008; . Therefore the small increases in 3-3 crosslinks in E. coli under various conditions and growth states may have negligible effects on the stability of PG structure under laboratory conditions. Despite the lack of observable phenotypes of the Dldt2 strain, it appears that loss of 3-3 cross-links contributed to the growth defect demonstrated by the Dldt5 strain when starved for meso-DAP. While neither the Dldt3 nor the Dldt2 strains displayed phenotypes when combined with a DAP auxotrophic mutation, the Dldt5 dapA strain displayed a decrease in viability when grown in suboptimal concentrations of DAP. During PG maturation, as E. coli enters stationary phase, the amount of peptide cross-linking increases as well as the amounts of covalently bound lipoprotein and 3-3 cross-links (Glauner et al., 1988; Glauner & Höltje, 1990) ; thus these modifications may be necessary for long-term survival under stress. Therefore, our data suggest a combined role for both types of Ldt enzymes in E. coli in the stability of the cell envelope.
Note added in proof
To help establish a genetic nomenclature for L,D-transpeptidases in E. coli that is consistent with that of other bacteria, the authors propose to redesignate the E. coli genes as follows: erfK (ldtA), ybiS (ldtB), ycfS (ldtC), ycbB (ldtD), and ynhG (ldtE).
